Abstract. Mixture of two catalysts in one reactor for ethylene/α-olefin copolymerization in the solution process can result in the combination of microstructures related to both catalysts in the polymer framework. Thus, novel polymer configuration is synthesized, which is characterized by containing sequences of monomers produced with each catalyst in the same polymer chain. Adding a reversible transfer agent (CSA) to the binary system enables the production of new block copolymers with enhanced properties. Late transition metal catalysts, such as α-diimine nickel catalyst when activated with methylaluminoxane (MAO) show high activity towards olefin polymerization and produces highly branched homopolymers. On the other hand, C 2 symmetry metallocene catalysts produce linear polyethylenes. This paper describes the synthesis of ethylene homopolymer with amorphous and crystalline blocks using a binary mixture containing a nickel catalyst with α-diimine ligand, which produces ф highly branched polyethylene (soft PE) and a metallocene ( rac-ethylene bis(H 4 -indenyl)ZrCl 2 ) that converts ethylene into polyethylene with high activities and melting temperatures (hard PE). The influence of polymerization temperature and CSA concentration were investigated. The polymeric materials were characterized by density, thermal properties, X-ray diffractometry and dynamic-mechanical properties.
Introduction
Polyolefins are in general commodity type polymers with a wide range of applications [1] [2] [3] [4] . It occupies a prominent position in the world market compared to other polymers due to its specific characteristics as: non-toxicity, chemical inertness, good physical and mechanical properties, low production cost and easy availability of raw materials [5, 6] . It can be found commercially with an incredible variety of properties and applications ranging from ultra-hard (harder and less dense than steel), to high-performance materials such as thermoplastic elastomers [7] .
The term elastomer is applied to macromolecular materials that have low modulus and a wide range of elasticity at room temperature [8] . The mechanical properties of elastomers are improved by crosslinking, leading to covalent bonds between the polymer chains. The main commercial elastomers such as vulcanized rubber materials are thermosets, which lead to processing and recycling problems [9] . However, block copolymers, which have rigid and elastomeric domains, also provide elastomeric properties. An example of such polymer is poly(styrene-b-butadiene-b-styrene), SBS. In this material the hard domains (polystyrene) act as physical cross links, while the segments of butadiene sequences form the elastomer phase, providing high chain mobility [7] . The crosslinking via vulcanization process is irreversible. However, in materials such as SBS, the intermolecular bonds that form the hard domains can be reversibly broken by heat. Therefore, these copolymers can be melted and solidified again, showing properties of thermoplastic elastomer. The commercially important elastomers have a block structure with ф high melting temperature or high glass transition temperature, which are the rigid blocks, combined with flexible segments. The former blocks comprise the hard domains that serve as a reinforcement and as cross-links, which are connected with the flexible blocks.
Another example of this advance is the development in the area of catalysts produced by Dow Chem. with the first patent in 2006 [10] [11] [12] [13] [14] . This new technology allows the production of new multiblock copolymers, using two catalysts with different capacities for the incorporation of comonomers, and adding a chain transfer agent that has the function to promote the exchange between the growing chains linked to each catalyst in a continuous reactor [15, 16] .
The transfer agent (chain shuttling agent, CSA) refers to a compound or mixture of compounds that allows the transfer of chain fragments from different catalysts during polymerization (Scheme 1). The most suitable compound is diethyl zinc, which has been used as CSA [17] [18] [19] [20] .
K ex < K p chain transfer; K ex >>>K p chain growth [17] [18] [19] [20] 
Scheme 1
The synthesized multiblock copolymer consists of blocks of crystalline ethylene/α-olefin (low commoner content and high of T m ) alternating with amorphous blocks (high comonomer content and low T m ) [21, 22] .
The present paper describes the synthesis of ethylene homopolymer consisting of blocks with amorphous and crystalline chain segments derived from a binary catalyst mixture comprising a nickel catalyst with α-diimine ligand able to converting ethylene in a highly branched polyethylene (flexible PE) and a metallocene catalyst, the rac-ethylene bis(H 4 -indenyl) ZrCl 2 , which produces polyethylene with a high linearity and melting temperatures (hard PE). Besides the evaluation of the influence of polymerization temperature (333, 353 and 373 K), the concentration of Et 2 Zn as a chain transfer agent was also varied.
Experimental

Materials
All reagents were manipulated under inert atmosphere of nitrogen using the Schlenk technique. Ethylene and nitrogen were purified by sequential passage through columns containing 4A molecular sieves and a copper catalyst to remove oxygen, carbon dioxide, and moisture. Toluene was refluxed over metallic sodium/ benzophenone and was distilled under nitrogen atmosphere prior to use. Methylaluminoxane (MAO) (10 wt % solution in toluene, obtained from Chemtura, Germany), diethyl zinc was obtained from Akzo Nobel, Brazil, and used as received. The commercial catalyst racethylene bis(H 4 -indenyl)ZrCl 2 obtained by Witco TA 028 was used without further purification.
The ligand N-(2,6 diisopropylphenyl) imino] acenaphthene and the catalyst (iPr 2 Ph) 2 bis(imino) acenafteno·NiBr 2 were prepared according to published procedures in the literature [23] . All other chemicals were commercial materials and were used as received. 
Synthesis of Ligand and Complex
Polymerization
Ethylene polymerization was carried out in a jacketed B ü chi glass reactor of 1000 ml capacity, equipped with mechanical stirring and thermostatic bath for temperature control. Reactions were carried out under the following conditions: 100 ml of distilled toluene, 
Characterization
Polymers were characterized by density measurements using the pycnometer method; differential scanning calorimetry (DSC) was used to determine the thermal properties and degree of crystallinity; X-ray diffraction analyses were performed to obtain the materials crystallinity; dynamic mechanical analysis (DMA) was also employed to evaluate the storage (E') and loss (E'') moduli of the polymers produced, as well as the damping factor (tan delta) and glass transition temperature (Tg). For the characterization of the synthesized ligand and catalyst complex, 
Results and Discussion
Catalytic Activity
The results of ethylene polymerizations are listed in Tables 1 and 2 . Scheme 2 illustrates the molecular structures of the catalysts involved. Fig. 1 shows the relationship between temperature and catalytic efficiency. It is observed that the activities of Cat1 and Cat2 at 333 K were equal, while the efficiency of the catalyst mixture was slightly lower. At the temperature of 353 K, the efficiency of Cat1 was lower compared to Cat2, which activity increased by a factor of about 6 times, however there was a significant decrease in the activity of the catalyst mixture. Moreover, at 373 K the efficiency of the Cat1 was even lower compared with other temperatures, while Cat2 maintained high activity and the binary mixture remained practically unchanged compared to the result to 353 K. It can be concluded that Cat1 decreases its activity with increasing temperature, while Cat2 is more thermally stable and has a higher activity at elevated temperatures. Table 2 Polyethylene physical properties However, interestingly the catalytic mixture has not the expected behavior, but their activity was similar to that of Cat1. Therefore, the performance of the catalyst mixture was different from that of the isolated systems, showing that there was interference between catalytic systems in the polymerization of ethylene in the presence of MAO.
The influence of CSA concentration in the polymerization using mixture of Cat1 and Cat2 at 333, 353 and 373 K was investigated. Fig. 2 shows the relationship of the used CSA concentrations and the efficiencies obtained in the catalytic polymerization of ethylene. Initially it was observed that the activities of the catalysts in the three reaction temperatures responded similarly to the presence of chain transfer agent (CSA). At 333 K and in all concentrations of CSA the binary catalyst efficiency showed a higher value than that at increased temperatures. In fact, for the catalyst mixture, the increase in polymerization temperature led to the decreased activity. On the other hand, it was observed that there was a significant increase in yield with increasing concentration of CSA in the reaction medium. The major activities can be observed in the molar ratios of . Above this concentration of ZnEt 2 there was a decrease in activity at the three evaluated polymerization temperatures.
The study of the activity in binary systems in the presence of non-metal alkyl compound has not been fully understood. Tynys et al. [25] and Chien et al. [26] observed the increased activity in a mixture of catalysts in the presence of trimethylaluminum (TMA) and triisobuthylaluminum (TIBA), respectively. While Bastos et al. [27] reported a decrease in catalytic activity in binary systems also using TIBA. The increased activity could mean that reversible chain transfer is occurring. A catalyst could act continuously consuming the product of chain termination on the other catalyst, leading to the increased activity. This mechanism explains the results observed in the binary catalyst system of the present study. On the other hand, the reason for the decrease in catalytic efficiency with the excess ZnEt 2 was proposed by Bruaseth and Rytter [28] .
According to those authors, the product of polymer chain termination by chain transfer with the metal alkyl compound can remain coordinated with the active catalyst, resulting in decreased activity at high CSA concentrations. 
Crystalline Structure
The WAXD profiles for the polymers synthesized at 333, 353 and 373 K are shown in Fig. 3 (a, b and c , respectively). This shows the XRD patterns of the polymers synthesized with the two catalysts acting isolated with and without the transfer agent ZnEt 2 . For most samples, the peaks at 2θ of 21.5° and 23.9° were designated as (110) and (200) to equivalent structures of the crystallographic planes of the orthorhombic unit cell of polyethylene.
While the Cat1 produces amorphous polymer in all reaction temperatures, as shown in the XRD patterns 1a, 1b and 1c, where the amorphous PE halos appear, Cat 2 produces crystalline PE (patterns 2a, 2b and 2c). Since the binary catalyst without CSA produces less crystalline PE, indicated by the broadening of the crystalline peak, it is possible that this polymer consists of a mixture of polyethylenes synthesized by both catalytic systems. The mixture of crystalline and amorphous PE decreased the overall crystallinity of the PE obtained. On the other hand, the displacement of the reflection peaks corresponding to the crystallinity of the PE mixture obtained with CSA (diffractograms 6b, 6c, 7b and 7c in Fig. 3 ) may be explained by the increased amount of soft segments in the polymer chain. Thus, the unit cell undergoes an orthorhombic distortion due to the presence of branches in the polymer chain -orthorhombic reflections (110) and (200) remain, but the intensity decreases -while the extension of the halo is due to the reduction of rigid segments, as shown in Fig. 3 . However, the distortion was much lower in polyethylene synthesized at 373 K (Fig 3c) . The diffraction peaks of the orthorhombic unit cell were dilated for all PE samples produced with catalytic mixture in the presence of CSA. This fact became even more pronounced with the presence of high amount of CSA, which may indicate the presence of soft and hard blocks in the polymer chain. It can be observed that at 333 K the profiles of the PE obtained with the binary catalyst resemble the profile of the polymer synthesized with Cat1, which produces the amorphous polymer, indicating the high activity of this system at this temperature. Already at 373 K the polymers have the profile of sample 2 synthesized with Cat2 which produces crystalline polyethylene, this was due to the fact that Cat1 has the decreased activity at high temperature. . We can estimate the degree of crystallinity of the samples through the areas of crystalline peaks and amorphous halo, using Eq. (1) [29] . 
where: A c -area on the crystalline peak; A a -area on the amorphous halo. The results presented in Table 2 for the degree of crystallinity of the polyethylene obtained showed a good correlation with the other determinations of crystallinity.
Morphological studies have shown that long sequences of ethylene in rigid olefin block copolymers can crystallize in the form of lamellar crystals with few defects and high melting temperatures, featuring the hard segments.
The crystalline phase acts as the reinforcement to train physical nodes, connecting with the elastomeric chains (soft segments) [30] . The trend line gives us the coefficient of determination/correlation (R), an indicator ranging from 0 to 1 and reveals the closeness of the estimated values of the trend line in correspondence with the veracity of the data. The reliability of the linear trend is given when the value of R is equal or close to 1. Fig. 4 illustrates the relationship between X c values calculated by DSC and WAXD with the value of R = 0.9647.
In general the values of X c obtained by DSC are lower, which can be explained by different factors. One is that the X-ray scattering is sensitive to organized structures at the nanometer scale, not only crystal structures. 
Thermal Behavior
The thermograms of first heating, cooling and subsequent heating for polymers synthesized at 333, 353 and 373 K are shown in Figs. 5-7, respectively. All polymers synthesized presented high melting (T m ) and crystallization (T c ) temperatures, with exception of the samples synthesized with Cat1, which produces amorphous PE. The results of the melting temperatures (T m ), crystallization (T c ) and melting enthalpies (ΔH m ) for the first and second heating are shown in Table 2 . The values of T m showed slight variation in the PE synthesized with the addition of transfer agent, which can be observed in the DSC thermograms by the peak shift to lower temperatures, justifying the reduction of rigid sequences. Small changes in T c parallel to the decrease in T m results in subcooling (T m -T c ), which in this case were about 15 to 20 degrees for all polymers synthesized, except for the sample 4b, that showed an unexpected behavior with a difference of 50 degrees, revealing a higher concentration of flexible blocks. With this obtained data it can be observed that the polymer block has two contributions of both structures, from the amorphous phase (flexible block) and hard crystalline block.
Conclusions
The characterization of solid-state structure and properties of block polymers of ethylene synthesized in this work showed that they relate to the concept of thermoplastic elastomer in which crystallizable blocks serve as physical cross-links connecting amorphous blocks. In the dynamic mechanical properties the CSA promoted decrease in the hard segments in the chains of the copolymers obtained by catalytic mixtures, however, high concentrations of CSA was the increase of the material modulus.
In addition, we observed that the efficiency of the Cat1 decreased at high temperature polymerization and this produced amorphous PE. The addition of Et 2 Zn increased efficiency for the binary mixture from the ratio [Zn]/[Et] = 6⋅10 -3 and 8⋅10 -3 M, as had been previously reported [33] , this mixture showed the formation of the PE block -the hard and soft one. Increasing the temperature of polymerization, as well as [Zn] produced PE with higher T m and X c which reveals the low thermal resistance of Cat1 which produces the soft segment. 
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